The therapeutic use of ultrasound contrast agents (UCAs) is an emerging methodology with high potential for enhanced directed therapeutic gene, bioactive gas, drug, and stem cell delivery. Ultrasound-targeted microbubble destruction has already demonstrated feasibility for plasmid DNA delivery. Similarly, therapeutic ultrasound for thrombolysis treatment has been taken into the clinical setting, and the addition of UCAs for therapeutic delivery or enhanced effect through cavitation is a natural progression to this investigation. However, as with any new technique, safety needs to be first demonstrated before translation into clinical practice. This review article will focus on the development of UCAs for cardiac and vascular therapeutics as well as the limitations/concerns for the use of therapeutic ultrasound in clinical medicine in order to lay a foundation for investigators planning to enter this exciting field or for those who want to broaden their understanding.
Ultrasound is best known as a diagnostic imaging tool in clinical medicine. However, the use of ultrasound for therapy actually predated the development of ultrasound for diagnosis. In the 1930s, ultrasound was first introduced in Europe as a modality to generate heat for deep tissue warming (thermal bioeffect). 1 Current interest in the use of ultrasound for therapy, however, centres on its 'nonthermal bioeffects'. Ultrasound induces an oscillating convective motion to partially absorbing liquids which may enhance the diffusion of drugs in vivo. 2 This technique, termed phonophoresis, has since been used to drive high molecular weight peptides and proteins through intact skin. [3] [4] [5] The other important ultrasound non-thermal bioeffect is termed 'cavitation'. This is the biophysical interaction between the ultrasonic field in a liquid and a gaseous inclusion (or bubble). 6 There are two types of cavitation: (i) gas body cavitation (or stable cavitation) and (ii) inertial cavitation (or transient cavitation). 6 In gas body cavitation, the bubble undergoes periodic and regular changes in volume in response to the applied acoustic pressure. This results in mechanical vibration within the tissue, creating eddies of current flow around the oscillating bubble. In contrast, in the case of inertial cavitation, although the bubble also undergoes periodic changes, these changes are qualitatively different in volume-rapidly increasing in size, becoming unstable, and then imploding violently. This can then result in acoustic microstreaming, hydrodynamic flow around bubbles, and bubble-cell collisions. 6 In addition, high temperatures can be generated briefly during bubble collapse such that free radical and sonochemical formation is possible. 1 Fortunately, cavitation is rare in vivo due to the lack of naturally occurring gas inclusions in living biological tissues.
Ultrasound contrast agents
In the late 1960s, it was observed that agitated saline gave strong echoes during echocardiography. 7 These strong echoes were produced because of acoustic mismatch between free air microbubbles in the agitated saline solution and the surrounding blood. Although efficient reflectors of ultrasound, microbubbles produced by agitation were large and unstable, and hence, were unsuitable as a viable clinical contrast agent. It was the development of coated microbubbles (which have the advantage of being stable in vivo as the shells serve to protect the diffusion of gas into the bloodstream allowing transpulmonary passage) 8 that essentially 'jump-started' the field of contrast echocardiography. Second-generation contrast agents, which contain perfluorocarbon gas rather than air (resulting in longer life span in the circulation), are now routinely used in clinical echocardiography. To date, these agents are being used not only for left ventricular opacification, but are also being developed to explore new functional imaging methods, including imaging of capillary flow 9 and myocardial microperfusion. 10, 11 Myocardial contrast echocardiography (MCE) allows for the real-time assessment of myocardial perfusion by imaging the coronary microcirculation. [11] [12] [13] Applications include defining the presence and size of the area at risk during acute coronary occlusions, 14, 15 evaluating the success of tissue reperfusion and residual infarct size, 16, 17 risk stratification for patients in the emergency department who present with chest pain and nondiagnostic electrocardiograms, 18, 19 and the assessment of myocardial viability and hibernating myocardium in patients with heart failure to guide further therapy. 20, 21 To date, however, there are still no ultrasound contrast agents (UCAs) approved by the Food and Drug Administration (FDA) for MCE, and most of the clinical experience reported have been obtained in a research setting. Finally, UCAs have opened up the possibility for molecular-targeted imaging using labelled microbubbles with better spatial and temporal resolution compared with computerized tomography or magnetic resonance imaging.
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Ultrasound and UCAs
In 1990, Holland and Apfel 27 showed that UCAs can significantly lower the acoustic cavitation production threshold. This work suggested that UCAs can be used to induce cavitation for therapeutic applications with much lower ultrasound energy. Cavitation effects can then be harnessed to cause a local controlled 'shockwave' to improve cellular uptake of the drug or gene. The reduction in ultrasound energy needed to produce this effect may allow for a reduction in ultrasound exposure time and obviate the potential heating effect that could harm surrounding normal tissues.
The earliest study that reported the use of UCAs for therapeutic application was by Tachibana and Tachibana. 28 In this study, they demonstrated that albumin microbubbles (Albunex) accelerated urokinase-mediated thrombolysis, shortening lysis time to one-fifth. It is hypothesized that the contrast agent adheres to the clot with resultant shearing effect during bubble destruction. This mechanically erodes the clot allowing more fibrin to be exposed to the lytic agent.
Since then, many investigators have reported on the syngeristic effect of ultrasound and UCAs for directed drug and gene delivery. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Efficacy further improves by promoting retention of the delivery agent to the diseased site using targeting techniques. Targeting can achieved by (i) taking advantage of the inherent chemical or electrostatic properties of the microbubble shell, (ii) attachment of specific antibodies or other ligands directed to disease antigens to the microbubble surface, 40 or (iii) incorporating therapeutics with 'homing' capabilities for their target site, such as tissue-plasminogen activator (tPA) (Figure 1) . 41, 42 tPA contains fibrin-binding domains and our group has demonstrated retention of both fibrin-binding property and proteolytic activity upon incorporation of this drug into an UCA. 41, 42 Efficient targeting of UCAs depends on several important factors including (i) selective binding and localization of the ligand to the desired target tissue, (ii) stable and prolonged attachment to the target site with a long-circulating half-life, (iii) reproducible coupling chemistry of the ligand to the UCA, (iv) minimal toxicity and immunogenicity, (v) cost-efficiency, and (vi) ease of preparation and administration. An antibody-based strategy for targeting has several advantages, including excellent bond dissociation constants and high affinity and specificity to the target antigens. 43 However, this strategy also has potential problems including relatively low bond formation rates that could prevent adequate attachment of the vector in high-shear vessels. 44 Temporary interruption of flow has been used to obviate this problem in animal studies; 32 however, this has limited clinical application. Immune response up-regulation and the ability to take non-FDA approved antibodies or peptides into the clinical setting are other concerns. Nevertheless, we and others 43, 45, 46 have demonstrated efficient targeting to vascular surface antigens, such as adhesion molecules, in animal models of atherosclerosis, validating the feasibility of an antibody-based targeting strategy for directed drug and gene delivery. One exciting research focus is the use of non-destructive ultrasound energy (radiation force) to direct the drug-or gene-loaded UCA towards the vessel wall in order to improve contact between the ligand and the delivery agent at the diseased site. 47, 48 Recently, it has been demonstrated that microbubbles can be intentionally ruptured by ultrasound [referred to as ultrasound-targeted microbubble destruction (UTMD)], 49, 50 which may then be exploited to enhance drug and gene delivery into cells. UTMD not only leads to directed release of the therapeutic at the desired site, but also produces microjets or microstreaming during bubble collapse 6 that could promote diffusion of the therapeutic into the cell. 51 The resultant shear stress on the cellular surface then results in increased membrane permeability by formation of transient non-lethal perforations on the cell membrane (sonoporation), 52 or an increase in membrane fluidity. 53 Ingress of therapeutics may also result from endocytosis of the microbubble, fusion of the microbubble membrane with the cell membrane, or a combination of these mechanisms. 53 The underlying mechanism likely differs for each drug/gene-microbubble complex used and may also be variable depending on the ultrasound energy applied. Targeting to position the microbubble close to the diseased tissue is critical, as particle destruction and drug/gene release occurring in the centre of the vessel wall, for instance, will only result in the therapeutic being released to the bloodstream with ensuing reduced efficacy. In this regard, the use of UCAs affords another advantage, in that delivery to the diseased site can be confirmed by highlighting of pathological tissues before the application of ultrasound energy for triggered drug release. 
UCAs for delivery of cardiovascular therapeutics
There are three methods to use UCAs for therapeutic delivery. The two more common applications of this technique are: (i) to co-administer the microbubble and the bioactive substance together ( Figure 2A ) and (ii) to incubate the microbubble and the therapeutic together for a certain amount of time, before administering the complex to the target site ( Figure 2B ). Drug-or gene-bearing non-echogenic vehicles/vectors can also be made and then co-administered or incubated with an acoustically active microbubble. These techniques allow attachment of the therapeutic to the microbubble shell, either by electrostatic or weak noncovalent interactions. The microbubble can then be targeted to the diseased site by ligand conjugation or other techniques as described above. The third methodology to use UCAs as therapeutic delivery agents is (iii) to manufacture the microbubbles de novo, incorporating the gene or drug into the shell or lumen ( Figure 2C ). The first two techniques will be reviewed together in the following section, whereas the third methodology will be discussed separately.
Co-administration of microbubbles and therapeutics
Gene therapy
In 1997, Bao et al. 29 described the use of ultrasound and albumin-coated microbubbles to enhance transfection of luciferase reporter plasmid into cultured hamster cells. In 2000, Shohet et al. 30 demonstrated that ultrasound can be used to direct transgene expression in the rat myocardium using albumin microbubbles. However, an adenoviral vector was used, and this had the disadvantage of low organ specificity, strong hepatic tropism, and immunogenicity which limited repeated applications. In 2003, Erikson et al. 31 reported delivery of antisense oligonucleotides and perfluorocarbon-exposed sonicated dextrose albumin (PESDA) to rat hearts and demonstrated blunted ischaemia/reperfusion-induced tumour necrosis factor-a expression. In 2004, Hashiya et al.
32 demonstrated effective transfection of rat carotid arteries with antioncogene (p53) plasmids in the presence of Optison w , to effect a decrease in intimal proliferation after balloon injury. In 2007, Suzuki et al. 33 reported development of a novel polyethyleneglycol-modified liposome encapsulating nanobubbles of perfluoropropane which can be used as a vector for gene delivery into mouse femoral arteries. Interestingly, gene uptake using their 'bubble liposome' was limited to the area exposed to ultrasound, with implications for ultrasounddirected site-specific gene delivery. These studies, and many others, laid the foundation for in vivo work in larger animal models. In 2001, Porter et al. 34 demonstrated a reduction in both per cent area stenosis measured by intravascular ultrasound and intimal thickness measured at histology, in the carotid arteries of a chronic balloon-injured pig model after treatment with intravenous antisense oligonucleotide bound to PESDA and targeted ultrasound, compared with antisense oligonucleotide without microbubbles, despite similar ultrasound application. In 2002, Vannan et al. used intravenous cationic lipid microbubbles containing perfluorobutane gas to deliver plasmid chloramphenicol acetyltransferase (pCAT), a marker gene, to the myocardium in closed-chest mongrel dogs. 35 In this study, the authors demonstrated CAT activity in the myocardium of only those animals that received microbubble-linked pCAT plus ultrasound exposure and not in the groups which received pCAT alone, or pCAT with either microbubble or ultrasound application, but not both. Despite substantial efforts in this field, however, concerns over safety and low transfection efficiencies remain. Most in vivo experiments employed artificial delivery methods, such as isolation of arterial segments 31 or cessation of blood flow, 32 which are not adaptable to clinical studies or chronic disease conditions, and to date, only few studies have been carried out in large animal models. 34, 35 Despite its great potential, much work remains before this technique can be taken into the clinical arena for gene therapy.
Drug therapy
In contrast, ultrasound-mediated drug therapy with thrombolytics has already reached the clinical arena, not only for the treatment of deep venous thrombosis 54 and lower limb arterial ischaemia, 55 but also in the treatment of acute coronary syndromes 56, 57 and acute ischaemic strokes. 58, 59 The addition of UCAs to augment ultrasoundmediated thrombolysis is a natural progression of this technique. The synergistic effect of ultrasound and microbubbles on sonothrombolysis has been demonstrated in canine models of arteriovenous dialysis graft thrombosis. 36, 37 Recently, Molina et al. 38 demonstrated acceleration of ultrasound-enhanced thrombolysis in patients with acute ischaemic stroke by the addition of Levovist, resulting in more complete arterial recanalization and a trend towards better in-hospital and 3-month outcomes. In a separate study, Perren et al. 39 also demonstrated improved neurological scores and residual flow in patients who received microsphere-potentiated ultrasound-enhanced thrombolysis compared with those treated with lytic and ultrasound only. Further clinical studies are underway looking into other UCAs, such as more stable perflutren-lipid microspheres, which may give us more information regarding safety and efficacy.
Another application of ultrasound and UCAs is in the delivery of proteins that induce growth of endothelial cells, such as vascular endothelial growth factor (VEGF). In 2000, Mukherjee et al.
60 demonstrated a 13-fold increase in VEGF uptake in the rat myocardium using ultrasound and PESDA. In 2003, the same investigators demonstrated reduced infarct area/risk area ratio in a canine model of chronic myocardial ischaemia treated with intravenous infusion of VEGF, albumin microbubbles, and directed ultrasound. 61 They also demonstrated increased myocardial blood flow to the ischaemic territory, suggesting a new approach for therapeutic angiogenesis. On the other hand, Figure 2 Strategies for therapeutic delivery using UCAs. (A) Co-administration of the microbubble and the bioactive substance together, (B) incubation of the microbubble and the therapeutic together to form a therapeutic-bubble complex prior to delivery to the target site, and (C) de novo manufacture of the microbubble to incorporate the therapeutic into the microbubble shell or lumen.
ultrasound and UCAs are also being investigated to induce vascular endothelial damage in an innovative strategy for non-invasive, highly targeted therapeutic thrombosis of small vessels. 62 In a rabbit model, Hwang et al. 62 demonstrated thrombus formation in auricular veins treated with ultrasound and Optison w with (subthrombogenic doses of) thrombin. No clot formation was observed in the vessels treated with ultrasound and Optison w only or in control vessels treated with thrombin only. Although sample size was small, the authors hypothesized that this technique causes targeted endothelial injury, exposing thrombogenic surfaces along the vessel wall, thus activating vascular thrombosis. 62 Clinical applications include restriction of blood flow to malignant tumours and occlusion of gastric varices.
Stem cell therapy
An exciting novel application of UCAs is for the enhancement of stem cell delivery. Therapeutic approaches to stem cell therapy include stimulating stem cells by restoring the capacity of the bone marrow to produce precursor cells or the administration of exogenous precursor cells to treat the specific disease state. The intramuscular transplantation of bone-marrow-derived endothelial progenitor cells has already been investigated in clinic trials to induce angiogenesis in the ischaemic limb. 63 Other clinical applications include intracoronary delivery for acute myocardial infarction 64, 65 and intramyocardial injection for ischaemic cardiomyopathy. 66, 67 There is evidence, however, that vascular permeability and vasodilation are critical for enhancement of the cardiovascular effects of stem cell therapy. 68 In 2006, Zen et al. 69 reported targeted delivery of bonemarrow-derived mononuclear cells, co-administered with Optison w , to the myocardium of a hamster model of cardiomyopathy with the use of pulsed ultrasound applied to the anterior chest of the animal. The authors demonstrated induction of regional angiogenic response, which they hypothesized may be related to the enhanced attachment of the progenitor cells to the targeted vascular endothelium, in the group treated with ultrasound and microbubble. This increased neovessel formation and blood flow in turn resulted in an improvement in cardiac function with inhibition of myocyte apoptosis and interstitial fibrosis. 69 Our group has developed a targeted UCA, which we term 'echogenic liposomes' (ELIP) (Figure 3) . 70 By a specific process that includes lyophilization, we are able to stably entrap air in between the lipid bilayers, rendering the agent echogenic. 71 During manufacture of these agents, we manipulate their targeting capabilities by the specific attachment of ligands. 72 Recently, we have developed 'bifunctional-ELIP' for bridging stem cell markers and cellular adhesion molecules. 73 Using dual ligand attachment, we have demonstrated facilitated binding of CD34 þ haematopoietic stem cells and CD146 þ mesenchymal stem cells to atherosclerotic porcine arterial segments. 74 Ultrasound treatment not only enhanced stem cell attachment to the vascular endothelium, but also appeared to promote migration/penetration of the stem cells into the aortic wall in apoprotein-E knock-out mice. 75 Interestingly, histopathological studies also demonstrated increased vascular outgrowth in the vessels treated with stem cells, bifunctional-ELIP and ultrasound. It is evident, however, that the use of ultrasound and UCAs for stem cell therapy is still in its infancy, and many questions remain unanswered, including mechanism of effect, duration of activity, and optimal dosing strategies. Nevertheless, we and others have demonstrated that this technique appears to be feasible with potential as an efficient non-invasive approach for stem cell therapy.
De novo manufacture of microbubbles and encapsulated therapeutics
The third methodology to use UCAs as therapeutic delivery agents is to manufacture the microbubbles de novo, incorporating the gene or drug into the shell or lumen ( Figure 2C) . Theoretically, this allows design flexibility to prefabricate a diagnostic/therapeutic agent for a specific purpose. If we envision the cavitation event to be centred about the bubble nucleus, then the destruction of the bubble itself may impart a 'ballistic' effect to drive the encapsulated drug or gene locally nearer to the target tissue. 76 Kodama et al. demonstrated that transient membrane permeability induced by ultrasonic cavitation occurs between 5 mm from the centre of the bubble up to a certain distance in which exogenous molecules may be delivered into the cytoplasm. 77 Hence, a cavitation agent that itself contains the therapeutic may be advantageous in this respect. Entrapping the drug or gene within the contrast agent may also protect it from degradation or metabolism in the circulation. Making the agent de novo also allows manipulation of the microbubble itself for site-specific targeting. Finally, drug/gene delivery can be monitored in realtime with ultrasound in the diagnostic mode as the drug/ gene carrier themselves are UCAs. An important concept, however, is that the bioactive substance is amenable to being released from the microbubble by UTMD in order to increase local concentration of the gene or drug at the target site. This concept exacts specific requirements on the microbubble including bubble shell rigidity and acoustic activity.
Several agents are currently in development or already in pre-clinical studies that are both targeted diagnostic UCAs and therapeutic vehicles to encapsulate drugs or genes. In 1998, Unger et al. 78 described the development of acoustically active lipospheres (MRX-552) carrying paclitaxel for chemotherapeutic drug delivery. This agent consists of a thick fluid shell in which a drug may be suspended. This shell permitted a relatively large payload of drugs to be carried; destruction by an external acoustic field then released the drug, with stability decreasing as ultrasound energy was increased. Furthermore, acute toxicity studies in mice showed a 10-fold reduction in toxicity of this agent compared with free paclitaxel. 78 Unger et al. 79 have also developed a perfluorocarbon nanoemulsion (a mean diameter of 200 nm) with cationic lipids and DNA (FluoroGene TM ) which can also act as a cavitation nucleus. Electron microscopy studies have shown that the DNA is trapped in the centre of the fluorocarbon material and condensed into small electron-dense structures within the fluorocarbon core. These investigators have incorporated targeting ligands such as fibroblast growth factor (FGF) to these agents and have shown in cell culture studies enhanced transfection of cells bearing the receptor for FGF. 79 Lanza et al. 80 have also developed liquid perfluorocarbon nanoparticle emulsions which can be used as a targeted UCA. These investigators are exploring non-cavitational approaches to augment drug/gene delivery through lipid membrane fusion and lipid exchange using this agent. They have demonstrated marked enhancement of lipid delivery to C32 melanoma cells in vitro using this agent targeted to a v b 3 -integrins and ultrasound. 81 They concluded that cellular interaction of these nanoparticles is more likely under a combination of targeting and ultrasound, and that this technique has potential for delivery of lipophilic drugs without untoward ultrasound bioeffects.
As described earlier, our group has also developed a targeted UCA, which we term ELIP (Figure 3) . 70, 71 These ELIP can be manipulated to entrap genes, 82, 83 fluorophores, 84 antibiotics, 85 thrombolytics, 86 and peroxisomal proliferatoractivated receptor agonists. 87 During manufacture of these agents, we maintain their targeting capabilities to allow for high local concentrations of the drug or gene at the desired site, as well as their echogenicity properties, despite accepting the drug/gene payloads. 88 In contrast to other gas-filled microbubbles that require that much of the microbubble volume be made up of gas in order to be acoustically active, our ELIP have the capacity to carry drugs or genes within the aqueous core. Release of the contents can then be controlled to produce (i) a bolus release using a single high-amplitude ultrasonic pulse, (ii) sustained release by a series of low-amplitude pulses delivered over a specific time period, or (iii) a combination of the two. 88, 89 Being echogenic, we can also use ultrasound in its diagnostic mode to image the microbubble in real-time during drug and gene delivery to the target site.
Recently, we have also demonstrated inclusion of a vasoactive gas, nitric oxide (NO), into our ELIP. We have demonstrated controlled release of NO to vascular smooth muscle cells with ultrasound, with effective uptake even in the presence of an NO-scavenging agent, haemoglobin ( Figure 4) . 90, 91 Furthermore, we have demonstrated inhibition of intimal hyperplasia in balloon-injured carotid arteries in rabbits by administration of our NO-ELIP agent and transcutaneous ultrasound ( Figure 5) . 91 Future work will involve novel applications of our UCA as well as elucidation of the ultrasound parameters necessary to produce the desired therapeutic effects.
Clinical concerns
As with any new technique, before this exciting modality can be translated into clinical practice, its safety needs to be first demonstrated, even in the early stages of development. Some investigators have raised concern about the same bioeffects that we want to harness for the therapeutic use of ultrasound. 92, 93 Capillary rupture and local extravasation of red blood cells after UTMD have been demonstrated; 93 however, these were seen at much higher doses of microbubbles and higher local ultrasound pressures than are used clinically. Certain sensory organs such as the eyes, ears, and nervous tissue may be particularly sensitive to ultrasound as they are situated close to bone and, therefore, may be particularly vulnerable to conductive heat transfer. The recent reports on increased symptomatic intracranial haemorrhage with the use of ultrasound and thrombolytics for acute ischaemic stroke 59, 94 are worrisome and highlight the need for careful dose escalation studies as well as bench research on optimal frequencies and ultrasound parameters prior to translation to the bedside. Another area of concern is the induction of arrhythmias; cardiac premature contractions have been noted in frogs with ultrasound exposure as early as 1993 95 and were hypothesized to be related to cavitation effects. Some reports have demonstrated increased premature ventricular contractions in patients receiving UCAs and application of high ultrasound energies, 96, 97 raising concern about the need for cardiac monitoring during administration of these agents. On 10 October 2007, the United States FDA issued new warnings and contraindications for the use of the UCAs Optison w and Definity w . 98 These warnings were largely based upon the reports of four fatal cardiac arrests during or within 30 min of Definity w injection in postmarketing surveillance, which equated to a 1:500 000 risk of death based on total patient doses since product approval. 99 Following discussions with imaging specialists, the FDA relaxed these warnings on 17 July 2008; 100 however, concern remains regarding the safety of these agents and the revised warning continues to recommend monitoring of high-risk patients with pulmonary hypertension or unstable cardiopulmonary conditions after administration of these agents. 100 Hence, although the safety of UCAs for diagnostic echocardiography has been established, [101] [102] [103] [104] these issues will need to be revisited as we move this technique into the therapeutic realm.
Most of the work evaluating the use of UCAs for therapeutic delivery done to date has been performed either in vitro or in small animal models. Studies will need to be repeated in larger animal models with demonstration of efficacy before clinical application. From a technical perspective, there is still a need to identify optimal ultrasound settings for the highest delivery efficiencies for each therapeutic application. Some investigators have placed a plea for more transparency of reporting of specific ultrasound methodologies in order to be able to compare studies more readily. It may very well be that these parameters are different for different desired delivery sites and that the ultrasound system has to be optimized for each agent and target site. Much work is still needed with regards to optimization of microbubble composition to allow for the maximal payload of drug or gene to be delivered, with retention of acoustic properties for ultrasound-mediated enhanced therapeutic delivery. Finally, it is unclear if two-dimensional ultrasound is the ideal modality for this technique. The recent introduction of real-time threedimensional ultrasound may, perhaps, result in more efficient ultrasound therapeutic delivery as it allows insonification of the entire organ, for instance, rather than a tissue slice.
Advantages
Therapeutic-targeted UCAs for drug and gene delivery afford several advantages, including (i) low toxicity-as lower concentrations of the drug are given systemically, concentrating the drug only to where it is needed; (this improved therapeutic index may allow expansion of the use of drugs with severe systemic effects such as cytotoxic agents); (ii) lower immunogenicity compared with viral gene delivery; (iii) low invasiveness with potential for repeated applications; (iv) organ specificity; (v) broad availability; (vi) broad applicability to organs or tissue amenable to sonication, and (vii) portability and being relatively cheap. Ultrasonography also avoids hazardous ionizing radiation, making repeated 'treatments' clinically acceptable. Unlike other imaging modalities, ultrasound can be optimized to allow triggered, controlled, and targeted interventions. With the possibility of decreasing the amount of therapeutic agent given, there is the potential not only to decrease systemic side effects, but also to decrease the cost of therapy. Hence, treatments that may have been thought to be too toxic or too expensive to be practical clinically may be revisited by packaging them into microbubbles and delivering them to the diseased site with the aid of therapeutic ultrasound.
Summary
The therapeutic use of UCAs is an emerging technique with high potential for enhanced directed gene and drug delivery. Molecular imaging using ultrasound and UCAs is in rapid dynamic evolution, and harnessing this technique for therapeutics is a logical corollary. This review focused on the cardiovascular uses of targeted UCAs; however, these agents are also actively being evaluated for cancer and respiratory pathologies. UTMD has already demonstrated feasibility for plasmid DNA delivery. The use of ultrasound for therapeutic thrombolysis has been taken into the clinical setting, and the addition of UCAs for therapeutic delivery or enhanced effect through cavitation is a natural progression to this investigation. UCAs can be designed as safe vehicles for encapsulating or co-transporting drugs or genes. Furthermore, the contrast agent can be targeted to cell-specific receptors for site-specific delivery. Being echogenic, delivery of the microbubble can be confirmed by diagnostic ultrasound, which is useful for the timing and spatial orientation of therapeutic ultrasound delivery. Ultrasound energy can then be used to rupture the microbubble and deliver the therapeutic agent locally to a tissue. Cavitation can be exploited to increase transvascular passage of macromolecules, and the cellular uptake or passage of therapeutic agents.
Much work needs to be done, however, including optimization of microbubble development to efficiently carry drug/ gene payloads while maintaining acoustic activity, prolonging circulation time to prevent removal by the reticuloendothelial system, refining targeting techniques to enhance tissue attachment in areas of high shear stress, and elucidation of optimal ultrasound parameters for each UCA and its intended application. More importantly, due to the multiple interacting modalities involved, in order to move this field forward, there needs to be increased collaboration between membrane chemists, ultrasound engineers, and cardiovascular biologists. 
